A high glucose concentration in vivo or an increased glucose or glucose 6-phosphate concentration in vitro has been found to lead to the glycosylation of Eamino groups of lysine residues in bovine and rat lens crystallins. In vitro, this glycosylation imparts an increased susceptibility of the crystallins to sulfhydryl oxidation. Disulfide crosslinks result in the formation of high molecular weight aggregates and an opalescence in the crystallin solutions. The addition of reducing agents prevents as well as reverses the formation of high molecular weight aggregates and the opalescence of the crystallins. These phenomena suggest a new interpretation of previous results on cataract formation and a new approach for development of drugs to prevent cataracts. The secondary complications of diabetes mellitus now account for most of the morbidity and mortality associated with this disease (1). These sequelae which affect most major organs (e.g., kidney, peripheral nerve, and eye) are of unknown etiology, although many workers believe that they may be due to an increased amount of glycoproteins in capillary basement membranes (2, 3). Several years ago it was proposed (4) that the glycosylation of hemoglobin to form hemoglobin Aic may serve as a biochemical model for the glycosylation purported to occur in diabetes (5). It was found that the glycosylation of hemoglobin AIC occurred as a postsynthetic modification throughout the life of the erythrocyte and that the rate of glycosylation was 2.7 times faster when the erythrocytes circulated in a diabetic mouse than in a normal mouse. Subsequent work has shown this modification to be I-amino-l-deoxyfructose which is specifically attached to the amino-terminal valine in the (3-chain (6, 7 ). This addition occurs nonenzymatically as either the reaction of glucose directly (8) or of glucose 6-phosphate (9, 10) which is then dephosphorylated. It is not clear which is predominant in vivo. The mechanism proposed for both is formation of a Schiff base with the amino group of valine and a subsequent Amadori rearrangement to form a fairly stable product that is reducible with sodium borohydride.
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Reasoning that a similar type of glycosylation might be occurring in other tissues, we initiated a study of the ocular lens. The lens, like the erythrocyte, is not dependent on insulin for glucose uptake and hence the intracellular glucose concentration reflects the extracellular milieu (11) . In the present communication we report that the crystallin proteins of the lens may be glycosylated both in mvo and in vitro at the C-amino groups of lysine residues.
MATERIALS AND METHODS Lens Cultures. Lenses from rats were cultured on wire grids in medium 199 containing 5% fetal calf serum and 30 mM glucose according to the method of Obazawa et al. (13) . The medium was replaced daily. After 7 and 11 days in culture, the crystallim were extracted from the whole lens in 1 ml of buffer as described below. Freshly isolated normal rat lenses served as uncultured controls.
Chemicals
Preparation of Crystallins. Bovine lenses were used for experiments involving isolated crystallin solutions. Eyes from freshly killed cattle were obtained from a local abbatoir. The lenses were removed on ice and all subsequent steps were performed at 1°-4°. The cortical and nuclear regions of the lenses were separated by teasing the outer two-thirds of the lens from the dense nuclear mass with scalpels. The From left to right: cortical, glucose; cortical, glucose 6-phosphate; nuclear, glucose; and nuclear, glucose 6-phosphate. At this time the control solutions (without hexose) showed no opalescence. mM), [14C]glucose 6-phosphate (5 mM; specific activity, 0.3, mCi/mol), or reducing agents (1 mM) in 0.05 M [bis(2-hydroxyethyl)amino]tris(hydroxymethyl)methane buffer (pH 7.3) containing gentamicin (0.4 mg/100 ml) were added to test samples according to the experiment. The development of opalescence in these incubated solutions was monitored at 550 nm with a Coleman Jr. spectrophotometer.
The incorporation of radiolabeled substrate into acid-precipitable protein was monitored over time. Aliquots (50 Ail) were removed periodically from tubes, diluted with 2 ml of distilled water, and precipitated with an equal volume of cold 10% trichloroacetic acid. The precipitated protein was collected on a Millipore membrane filter (5 ,um) and washed with at least 15 ml of cold 5% trichloroacetic acid. The dried filters were placed in vials containing Aquasol (New England Nuclear) and the (Fig. 2 upper) . The opacification of the crystallin solution, however, was not simply related to the amount of glycosylation. As shown in Fig. 2 lower, the solutions containing glucose 6-phosphate became opaque more rapidly in the presence of oxygen even though glycosylation had occurred to a comparable-extent in the presence of nitrogen. It thus appears that the glycosylation of lens proteins with glucose or glucose 6-phosphate increased their susceptibility to sulfhydryl oxidation. This was supported by the observation that reducing agents not only could protect the solutions from becoming turbid but also could reverse much of the opalescence that had developed during the incubation (Fig. 3) . In increasing order of effectiveness, glutathione, 2-mercaptoethanol, and dithioerythritol were able to reverse the opacity.
In addition, sodium borohydride (not shown) was as effective as dithioerythritol in reversing the opacity. (Bottom) After 43 days of incubation followed by reduction with 50 mM dithioerythritol. The column was equilibrated with 50 mM dithioerythritol. A similar increase in borohydride-reducible bonds was found to be associated with the crystaiiins of cataractous lenses isolated from diabetic rats. Table 3 (18) (19) (20) (21) (22) (23) (24) . For example, the maturation of cataracts has been shown to be correlated with a decrease in free sulfhydryl groups and an increase in the amount of ureainsoluble proteins; both changes were attributed to disulfide bond formation (22) (23) (24) .
The increased susceptibility of crystallin sulfhydryl groups to oxidation after the glycosylation of lysine residues may be explained in part by the observations of Spector and Zorn (25) . They found an increase in titratable sulfhydryl groups of a- The accumulation of sorbitol in the lens has also been proposed as a mechanism for sugar-induced cataract formation (26) . A high-glucose environment is associated with an increased formation of sorbitol through the reduction of glucose by aldose reductase (26, 27) . The inhibition of this enzyme has been the basis for developing drugs to prevent cataracts (28) . However, we would interpret the results obtained with aldose reductase inhibitors as occurring either by their activity as free-radical trapping agents or through a sparing effect on the NADPH pool. The concentration of NADPH may be crucial in maintaining the reduced sulfhydryl groups because it is a cofactor for glutathione reductase.
The nonenzymatic glycosylation of lens proteins described above and the glycosylation of hemoglobin A (8, 9) are early stes in the Maillard reaction or "nonenzymatic browning" of proteins that occurs with aging (29, 30) . In this reaction, various reducing sugars (e.g., glucose, galactose, fructose, ribose) form adducts with the amino groups of amino acids, peptides, and proteins It is believed that, subsequent to Schiff base formation, the aldamine or ketoamine undergoes an Amadori or Heyns rearrangement, respectively, to form stable products. The carbonyl groups of these rearrangement products can in turn undergo further addition with other amino groups to form disubstituted sugars and possibly multisubstituted sugars (31) . Alternately, the glyco group can undergo an internal rearrangement and release furfuraldehyde which can also react with amino groups (32) . In the later stages, depending on the conditions (e.g., temperature, pH, type of amino acids and sugars), compounds are formed that are fluorescent and yellow to brown (33) . This suggests that the fluorescent yellow and brown colors seen in human cataracts (34) could be derived from the later steps of the nonenzymatic browning of glycosylated crystallins.
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